Abstract: Long (31.5 mm) electrode arrays are inserted deeper into the cochlea than the typical 1.25 turn insertion. With these electrode arrays, the apical electrodes are closer to (and possibly extend past) the end of the spiral ganglion. Using multi-dimensional scaling with patients implanted with a 31.5 mm electrode array, the perceptual space between electrodes was measured. The results suggest that deeper insertion increases the range of place pitches, but the perceptual differences between adjacent electrodes become smaller in the apex.
Introduction
Pitch can be provided by a cochlear implant by the selection of an electrode used to provide stimulation. Because of the tonotopic arrangement of the cochlea, each electrode in a cochlear implant is usually perceived as having a different pitch arranged in order from lowest at the apical end to highest at the basal end. Cochlear implant processing strategies therefore code pitch information by the selection of electrode or electrodes to encode an external sound. Each electrode that provides a unique place pitch is used to provide a channel of information. Most cochlear implant electrode arrays, such as the Nucleus Contour Advance 24, the Advanced Bionics HiFocus 1J, and the MED-EL FLEX 24 are inserted up to approximately 1.25 turns into the cochlea (Boyd, 2011) . In the normal human ear, 1.25 turns into the cochlea typically represents a characteristic frequency of approximately 500 Hz (Greenwood, 1990) . Therefore, the full range of frequencies presented by a cochlear implant are presented to cochlear locations representing approximately 500 Hz or higher. If a longer electrode array inserted deeper into the cochlea were able to extend the range of place pitches then it would allow a greater cochlear extent for which to provide channels of information. However, it is currently unknown if perceptual changes in the cochlear apex correspond to changes in place pitch.
Two long (31.5 mm) electrode arrays (the MED-EL STANDARD and MED-EL FLEX SOFT arrays) are currently on the market. These arrays are typically inserted 1.75 to 2 full turns into the cochlea (Boyd, 2011) , allowing for stimulation of regions typically representing lower frequencies than shorter electrode arrays. With these electrode arrays, electrodes 1, 2, and 3 are typically inserted deeper than 1.25 cochlear turns. The longer electrode array has a few potential benefits. First, the place of stimulation encoded by a speech processor would provide a closer match to the place of stimulation in a normal hearing acoustic hearing ear. This could potentially make the sound quality more natural and reduce the required adaptation to the implant. Second, it could reduce the mismatch (and therefore improve performance and sound quality) with any residual acoustic hearing in the ipsilateral or contralateral ear. Third, a longer electrode array could provide better spectral resolution. If a fixed number of channels is used (as is done in the MED-EL Maestro system), a longer array provides greater spacing between the channels, potentially reducing channel interaction. If a fixed cochlear distance between channels is used, a longer array would provide an increased number of channels without potentially increasing channel interaction.
However, there are likely to be limits to the optimal insertion depth into the cochlea. It is generally accepted that cochlear implants primarily stimulate the cell bodies of neurons in the spiral ganglion (SG). The SG only extends approximately between 1.5 to 2 turns into the cochlea (Spoendlin and Schrott, 1988; Kawano et al., 1996) . In the normal hearing ear, peripheral neurites extend deeper into the cochlea. After hair-cell loss, the loss of peripheral neurites soon follows (Nadol, 1997; Otte et al., 1978) , suggesting that there might not be a sufficient local neural population to stimulate with deeply inserted electrodes. Therefore, one possible effect of stimulation in the apical end of a long array is that the most apical electrodes are perceptually similar as they mostly stimulate the same neural population in the SG. Baumann and Nobbe (2004) showed that subjects could reliably discriminate electrode 3 from either electrode 1 or electrode 2 using MED-EL COMBI 40þ implants with 31.5 mm electrode arrays. These results suggest that electrodes positioned more apically than electrode 3 stimulate different neural populations than electrode 3. However, this data does not provide evidence that the perceptual differences in the apex are changes in place pitch or if there is additional perceptual benefit stimulating more apically than the location corresponding to electrode 2. Pitch matching, scaling, and ranking tasks have provided mixed results. Baumann and Nobbe (2006) and Dorman et al. (2007) found no pitch differences between the most apical 2 electrodes. Hamzavi and Arnoldner (2006) presented data suggesting that the most apical 2 electrodes had different pitches. Gani et al. (2007) and Boyd (2011) present data with mixed results on the pitch difference between the most apical electrodes.
It is possible that the mixed psychophysical results are caused by the most apical electrodes being perceptually different from each other in some perceptual quality other than place pitch. One potential explanation is that the most apical electrode would differ in sound quality because it stimulates a different ratio of peripheral neurites to SG cell bodies. Another potential explanation is that the peak of stimulation from the most apical two or three electrodes are at the same location (from the same SG cell bodies) but the spread of excitation from the most apical electrode would reach less basally than the second-most apical electrode. Using multi-dimensional scaling (MDS), Tong et al. (1983) showed that a change in rate of stimulation and a change in place of stimulation represent different perceptual dimensions, even though subjects describe changes in rate, place, or a combination of the two as a change in pitch (e.g., Luo et al., 2012) . Therefore, if the perceptual changes in the apex are not changes in place pitch, a pitch related task (such as pitch scaling, ranking, or matching) may not adequately describe the perceptual attributes of the apex.
In the present study, the perceptual distances between electrodes in cochlear implant users with fully inserted 31.5 mm MED-EL electrode arrays were measured. Using MDS, the magnitude of perceptual differences between adjacent apical electrodes can be compared across the cochlea. Furthermore, an MDS analysis can indicate if any perceptual changes observed in the apex are changes along the same perceptual dimension as the rest of the cochlea, which would indicate that the perceptual changes in the apex are indeed changes in place pitch.
Methods

Subjects
Fourteen subjects with a MED-EL cochlear implant and either a STANDARD or FLEX SOFT 31.5 mm electrode array participated in the experiment. Specific subject demographics are presented in Table 1 . Data from 1 subject (P14) was collected at the House Research Institute in Los Angeles, CA, while the data from the other 13 subjects were collected at the Universitair Ziekenhuis Antwerpen (Antwerp University Hospital or UZA) in Antwerp, Belgium. It is worth noting that three of the patients (P11, P12, and P13) received their implants for tinnitus treatment and have normal or near-normal hearing in the contralateral ear. All subjects provided informed consent in accordance with either the IRB regulations for St. Vincent's Hospital in Los Angeles (P14) or the University Hospital of Antwerp (all other subjects) in Antwerp.
Stimuli
Stimuli consisted of 600 ms single electrode, cathodic-first, bi-phasic pulse-trains. Phase durations were 50 ls and pulses were presented without an inter-phase gap in monopolar mode at 5000 pulses per second (pps). The 5000 pps stimulation rate was selected to minimize any potential temporal cues, and was used to test all 14 subjects. Stimuli were presented directly to patients using custom written software on a windows computer through a research interface (Research Interface Box 2, RIB2, University of Innsbruck). All stimuli were presented at an equally loud level described as "most comfortable."
Procedure
The loudness growth for each stimulus was coarsely estimated. On a single electrode, a stimulus was played initially with 5 la amplitude, and gradually increased in 5 la steps until subjects indicated that the sound was at the maximum comfort level. Subjects reported loudness by pointing to values on an 11-point loudness scale provided by Advanced Bionics. The amplitude of the pulses were recorded when the subjects indicated that the loudness corresponded to the most comfortable level as well as the maximum acceptable loudness. The process was repeated for single electrode pulse-trains on electrodes numbered 1 through 9, corresponding to the 9 most apical electrodes (out of 12) and covering a cochlear range of 19.2 mm. Adjustments were made to the amplitudes of the pulse trains on each electrode to ensure that estimates of the most comfortable level were actually the same loudness across electrodes. Four stimuli (on four adjacent electrodes) were played in order for 600 ms with a 300 ms inter-stimulus interval (ISI). Subjects were asked if all four sounds were the same loudness. If they were not, the amplitudes of the stimuli were adjusted, and the four sounds were played again until the subject reported that the sounds were all of the same loudness. The procedure was then repeated with a new set of electrodes until the amplitudes to require equal loudness on all nine electrodes were recorded.
To measure dissimilarity scores, a typical MDS protocol was used (e.g., Lawless, 1986; Tong et al., 1983) . In a given trial, two of the nine single-electrode stimuli were randomly presented with a 300 ms ISI. Subjects were asked to scale how different the two sounds were by using the computer mouse to click on a bar on the screen, which represented a continuum from "Most Similar" to "Most Different." Clicks on the bar were converted to a numerical value ranging from 0 (at the left side, corresponding to Most Similar) to 100 (on the right side, corresponding to Most Different.) After each trial, the location of the entire response scale randomly moved to a new location on the screen to force the subject to move the mouse to a new location to select the next response, preventing the subject from repeatedly clicking at the same location. In a block of trials, each possible pair of stimuli from the 9 stimuli set was compared once, totaling 81 trials. For each subject, five blocks of data were collected.
Results
A two-dimensional alternating least squares scaling (ALSCAL) algorithm (Young and Lewyckyj, 1979 ) was used to analyze the response from each subject. The results are plotted in Fig. 1 . The r 2 values, which range from 0.65 to 0.95, suggest that the analyses are good fits to the data. Although there is a great deal of variability across subjects, most subjects perceptually organize each of the nine electrodes in order in a horse-shoe Table 1 . Subject demographics. For simplicity, subjects are referred to in this manuscript by subject code (i.e., P1-P14). The internal lab code for each subject is also provided to allow for comparison of the same subjects in different publications.
Subject
Lab shape. A horse-shoe shape is commonly seen as the output of an MDS analysis of a one-dimensional space because patients are likely to overestimate the magnitude of small perceptual differences causing the single-dimensional perceptual space to bend (Kendall, 1971) . Subject P9 was the noticeable exception to the horse-shoe configuration. In P9's data, the x axis clearly corresponds to the electrode number but the y axis does not correspond to any obvious dimension. Perhaps the y axis for subject P9 corresponds to a dimension of loudness for poorly balanced stimuli. One common observation across subjects is that although a change in place corresponds to a change on a continuous perceptual dimension, the perceptual distances between electrodes in the apex are often smaller than the perceptual changes in the rest of the array. Although the physical distance between electrodes is a fixed 2.4 mm, the perceptual distance between adjacent electrodes varies both across subjects and electrode locations. For example, subject P2 perceives electrodes 8 and 9 as being quite similar, subject P1 perceives electrodes 6 and 7 as being quite similar, and subject P11 has a clear perceptual separation across these electrodes. It is difficult to determine to what extent the variability across subjects is due to the variability inherent in scaling responses instead of variability in perceptual qualities across subjects. Nevertheless, a consistent pattern can be seen across subjects. In the lower-right corner of Fig. 1 , an Individual Differences Scaling (INDSCAL) plot is presented with a gray background. The INDSCAL plot presents the best fit for the multi-dimensional space across all subjects. Because the INDSCAL analysis uses the data from all subjects, the resulting output is more reliable than any of the individual ALSCAL plots. Similar to the individual subjects, a horse-shoe shape is revealed, suggesting that a change in place corresponds to a change in place pitch throughout the electrode array. However, it is worth noting that the apical electrodes (most notably electrodes 1 and 2) are perceptually clustered together. The average perceptual distance between each pair of adjacent electrodes is calculated from the Cartesian distances in the ALSCAL plot across all subjects (Fig.  2) . Figure 2 suggests that the perceptual distances between adjacent electrodes in the apex (i.e., electrodes 1 and 2 and electrodes 2 and 3) are smaller than the perceptual distances along the rest of the cochlea. Because the motivation for the experiment was to examine the perceptual changes with place of stimulation in the apex relative to changes in the remainder of the cochlea, the mean distances for each adjacent electrode pair between electrodes 4 and 9 were compared to the perceptual distances between electrodes in the apex. Specifically, paired t-tests were used to compare the mean adjacent distances between electrodes 4 and 9 with the perceptual distances between electrodes 1 and 2 (t 13 ¼ À4.111, p ¼ 0.001), electrodes 2 and 3 (t 13 ¼ À2.310, p ¼ 0.038), and the mean perceptual adjacent distances between electrodes 1 to 3 (t 13 ¼ À4.114, p ¼ 0.001). Using Rom's method (Rom, 1990) to correct for family-wise type-I error, all three comparisons were found to be statistically significant. However, no statistically significant differences were found between the perceptual distances between electrodes 1 and 2 and the distances between electrodes 2 and 3 (t 13 ¼ À0.735, p ¼ 0.476).
Discussion
The horse-shoe shape observed in the ALSCAL plots for most subjects as well as in the summary INDSCAL plot are consistent with a one-dimensional perceptual space (Kendall, 1971) . Therefore, if the perceptual differences between adjacent electrodes in the middle/basal region of the cochlea (i.e., represented by electrodes 4-9) are place pitch, then the perceptual changes between adjacent electrodes in the cochlear apex are also likely to be place pitch. However, it is worth noting that the horse-shoe shape plot might mask a much more subtle second dimension in the apex. If so, then the data would suggest that a change in the apex is a change of place pitch as well as a change in some other perceptual quality. However, the change in the "other perceptual quality" would be very small relative to the change in place pitch. It is therefore expected that an electrode insertion deeper than the typical 1.25 turn depth would allow for a greater range of place pitches, as well as improved spectral resolution. Furthermore, a deeper insertion can be used to reduce the mismatch between the place of stimulation provided by a cochlear implant and the place of stimulation provided by acoustic hearing and expected by the auditory system in a newly implanted post-lingually deafened patient.
Although a deeper insertion improves the range of place pitch coding, it is important to note that the perceptual distances between adjacent electrodes tend to decrease in the apex. To compensate, an electrode array could be designed such that the spacing between electrodes in the apex is greater than the spacing between electrodes along the rest of the array. A related observation is that the perceptual differences between the most apical two electrodes are typically very small. If a benefit is dependent on place pitch independence, little additional benefit would be provided by the addition of the most apical electrode with a 31.5 mm array. Performance improvement might be predicted from disabling either electrode 1 or electrode 2. It is worth noting that Arnoldner et al. (2007) tested speech performance with users of MED-EL 31.5 mm arrays and found that performance was best when a subset of apical electrodes were deactivated, although they did not specifically test the condition where only electrode 1 or electrode 2 was disabled. Furthermore, Arnoldner et al. (2007) similarly proposed a new electrode array designed in which the spacing between electrodes in the cochlear apex is increased. An alternate electrode array design would be to slightly shorten the electrode array by 2.4 mm to 29.1 mm such that the most apical contact in the new 29.1 mm array reaches the location represented by electrode 2 on a FLEX SOFT array. MED-EL presently produces a 28 mm array (the FLEX 28 ), which is only slightly shorter than the proposed 29.1 mm array. Perhaps the FLEX 28 would provide the optimal balance between extended place pitch coding from a long insertion and place pitch confusion from overly apical stimulation.
